The present study modifies the sorption isotherm for simulating the influences of initial pH and temperature variations on the cadmium sorption from contaminated water using waste foundry sand based on Langmuir, Freundlich and Temkin models.
Introduction
Metals represent the common dangerous inorganic contaminants that resulted from many anthropogenic sources and they can cause a serious threat for the components of ecosystem such as human, plants, organisms as well as the water resources [1, 2] .
Groundwater is considered one of the most important resources that can be contaminated with metal ions spilled from municipal landfills, dumping sites, airports, petrol stations, agriculture, and chemical plants. These metals can migrate with the flowing water through the unsaturated-saturated zones of the soil and this will cause a considerable contamination for large volumes of soil and groundwater; however, these pollutants with time can pollute the surface water resources such as rivers, reservoirs, etc. Permeable reactive barrier (PRB) is an innovative technology that applied within the polluted site to retain the contaminants by the reactive material of the barrier for restricting the migration of dissolved plume [3, 4] . The transport of contaminant through the PRB is governed by three major mechanisms; namely, advection, dispersion and sorption within the solid phase. The sorption process plays a significant role in the specifying the extend of the plume front because it will specify the value of retardation factor where this factor can be represented by different sorption isotherms such as Langmuir and Freundlich models. The isotherm models are used to simulate the experimental results for sorption of contaminants measured at certain values of pH and temperature.
Many studies [5] [6] [7] have been achieved to fit the isotherm models to experimental datasets measured at different conditions. In this direction, Langmuir isotherm was used to represent a set of laboratory measurements collected at various values of pH and, consequently, the relationship between the adsorption capacity as a function of pH was recognized [8, 9] . Adsorption of arsenic from aqueous solutions onto iron oxide can be represented by a modified Langmuir expression [10] . Also, the pH-dependent bio-sorption using marine macro-algae for removal of heavy metals with aid of the functional groups can be formulated by modified Langmuir model [11] . To represent the effect of pH on the uptake of copper onto the calcium alginate and sphaerotilus natans sorbents, a set of semi-empirical and empirical relationships have been developed. The Langmuir isotherm is considered the origin of these models and they can be used effectively for characterizing the experimental measurements by monitoring of the pH [12] . Further, long-term column tests for reduction of Cr(VI) from contaminated water onto scrap iron were conducted when the pH varied from 2.00 to 7.30. The results signified that the reduction capacity of the iron was depended on the value of initial pH and the maximum capacity is equal to 19.2 mg Cr(VI)/g iron at pH of 2.50; however, this capacity may be decreased due to increase of pH value [13] . Freundlich and Langmuir models were collected in one form and this formula was utilized for simulating the influence of pH on the sorption data. The values of affinity constants were correlated linearly with pH of aqueous solutions. The adsorption measurements resulted from interaction of goethitecoated sand and pure goethite with the arsenic were used for validation of developed formula [14] .
In addition, the Langmuir model was developed to simulate the effect of pH on the interaction between the olive pips and copper-contaminated solution. Results proved that the maximum adsorption capacity is related with initial pH of contaminated water by linear regression, while the relationship between the affinity coefficient and initial pH can be represented by power equation. Further, the combination of this isotherm with solute transport equation was carried out for finding the distribution of contaminant through the column tests under the effect of initial pH [1] . Finally, the Freundlich model was developed, for predicting the adsorption capacity of quinolone by powdered activated carbon at different pH values. This model had excellent prediction capabilities under different laboratory scenarios [15] . Accordingly, an isotherm model for simulating the effects of temperature and initial pH on the uptake of contaminant is required. This s model can be incorporated into the advection-dispersion equation as a sink term for finding the propagation of contaminant plume under these effects.
Hence, the present work is aimed to modify an isotherm model for simulating the effect of temperature and pH of the aqueous solution on the adsorption process followed by further verification using experimental data of cadmium onto waste foundry sand.
The developed model opens up a new methodology for finding the effect of pH and temperature on the retardation factor of the reactive medium and, consequently, the longevity of the PRB by using the available codes of contaminant transport such as COMSOL software.
Material and methods

Preparation of sorbent and contaminant
The waste foundry sand (WFS) was used as sorbent in the batch experiments. This waste was collected from the Nasr Company for Mechanical Industries/ Baghdad/ Iraq. 
Sorption tests
Experimental previous studies such as [16] proved that the contact time required to achieve the equilibrium status due to interaction of heavy metal with WFS is not exceeded 1 hr and, accordingly, 3 hr was chosen in the present study to ensure the reach for the equilibrium.
The samples at the end of each tests were filtered and the concentrations of metal ions measured by the atomic absorption spectrophotometer (AAS) (AA-7000 Shimadzu, Japan). The mass of cadmium sorbed on the WFS, qe, calculates by:
where m is the mass of WFS (g) added to the certain volume (V, L) of aqueous solution.
Sorption models such as Freundlich, Langmuir and Temkin were used for representing the measured data by linear and non-linear regression methods using Excel 2016.
Finally, sorption mechanisms can be investigated through the Fourier transform infrared (FTIR) analysis using Shimadzu FTIR, 8000 series spectrophotometers by identification of the effective functional groups that play a potential role in the removal of Cd(II) from aqueous solution due to the binding process.
Sorption isotherm models
A brief review of two parameter isotherm models used in the present study can be presented below [17] :
Freundlich model (1906): is the earliest known sorption isotherm expression and it can be written as follows:
where aF is a constant related to the maximum adsorption capacity of the
and is the sorption intensity of [18] . This empirical isotherm is applicable for multilayer sorption and heterogeneous surfaces [19] .
Langmuir model (1916):
is used for description of uniform energies of sorption onto the sorbent surface and Eq. (3) represents the formula of Langmuir:
where b is the affinity of the contaminant to the sorbent and qmax is the maximum sorption capacity (mg/g).
Temkin model: This model assumes that the adsorption is characterized by a uniform distribution of the binding energies and its formula can be written as follows [20] :
where KT is the equilibrium binding constant (L/mg) and B is the constant related to the heat of sorption (J/mol).
Results and discussion
Equilibrium study
It is clear from Figure 1 that the removal percentages increased with an increase in the pH values until they equalize up to 4.5. Subsequently, the removal percentages have decreased due to increase of the pH. For more accuracy, each value of the removal percentage plotted in Figure 1 is the average of the two measured values for two tests conducted under the similar operational conditions. This behavior may be resulted from the deprotonation and protonation of the basic and acidic groups of WFS which have a significant effect on the interaction between metal ions and sorbent as a function of the pH. The less removal in comparison to the best value can be attributed to inactivation of binding sites in the basic conditions [1] . The pH of the aqueous solution is tended to rise from acidic state (=3) as the operation progresses but it becomes almost constant at higher pH. This trend is observed, as mentioned earlier, because the cations and protons compete for the surface sites up to a particular point, after which the aqueous medium tends toward a higher pH, due to the removal of protons from the aqueous medium. In contrast, with an initial alkaline pH (pH=6), the trend progresses downward as the operation proceeds further until the pH becomes practically constant. 
Modification of Langmuir model constants
Affinity constant: The activation energy of metal sorption onto the sorbent can be calculated by the relationships [21, 22] :
Where k. is the affinity of the sorbate at reference temperature which changes as function of pH (L/mg) and is the heat of sorption (the difference between the activation energies necessary for desorption and sorption).
To understand the expression related between . and pH, the fitted values of parameter (k.) based on nonlinear regression were plotted against pH as shown in Figure   2 . It is clear that the values of k., plotted as power relationship, increases with an increase in the pH values until they equalize up to 4.5. Subsequently, this parameter decreases with a similar type of fitted relationship due to increase of the pH. This behavior may be resulted from the protonation and deprotonation of the acidic and basic groups of WFS which have a significant effect on the interaction between metal ions and sorbent as a function of the pH [23, 24] . Hence, the affinity constant (i.e. b) for surfaces of WFS was decreased due to decrease or increase of the pH from the value of 4.5 (which represents the best value for interaction of cadmium and WFS). This reduction in affinity of metal ions for the surface sites at low pH values mainly occurs due to competition between the cations and protons for the binding sites, however, at higher pH (>4.5), the less removal in comparison to the best value can be attributed to inactivation of binding sites in the basic condition. The pH of the aqueous solution is tended to rise from acidic state (=3)
as the operation progresses but it becomes almost constant at higher pH. This trend is observed, as mentioned earlier, because the cations and protons compete for the surface sites up to a particular point, after which the aqueous medium tends toward a higher pH, due to the removal of protons from the aqueous medium. In contrast, with an initial alkaline pH (pH=6), the trend progresses downward as the operation proceeds further until the pH becomes practically constant. The general expression for describing the value of . can be written as:
Eq, (6) can be substituted into Eq. (5) and the resultant will be:
Maximum sorption capacity: The effect of initial pH and temperature on the maximum sorption capacity (qmax) were studied depend on the effect of acid function group. Where there is one functional weakly acid group [11] , the qmax can be represented in Eq. (8):
where 1 and 2 are the maximum adsorption capacities for protonated (AH) and deprotonated ( − ) forms of functional group, and the equilibrium is described using the following equations:
where is the apparent equilibrium constant, and it is expressed as the difference between entropy change (∆°), as a function of temperature , and enthalpy change (∆°)
for the described reaction [25] . The relationship between and temperature was described using the van't Hoff equation:
From Eqs. (11) and (13), Eq. (14) can be obtained: Table 4 presents the fitted constant of the developed models using non-linear regression, reported together with the sum of squares error.
Thermodynamic analysis
The enthalpy change (∆°), the entropy change (∆°), and Gibbs free energy change (∆°) are the thermodynamic parameters that calculated for the sorption process from the variation of Langmuir constant ( ) with temperature using well-known relations listed below:
∆°= ∆°− ∆° (19)
where T is the absolute temperature (K), R is the universal gas constant (8.314×10 -3 kJ mol -1 K -1 ), and (kc, L/g) is thermodynamic distribution coefficient for the adsorption calculated from the following equation [26, 27] :
where was calculated for various temperatures at the equilibrium. Enthalpy change, due to the adsorption of onto WFS within the range of temperature, can be specified from the linear relation between ln and 1/ using the least square analysis. The magnitudes of ∆°, ∆°, and ∆° for cadmium adsorption onto WFS at different temperatures are listed in Table 5 . The negative values of ∆° and ∆° means that the process is spontaneous and requires energy from the outside respectively. Hence, the removal of Cd(II) onto WFS is exothermic in nature. Additionally, the negative value of ∆° suggested that the adsorption process involves an associative mechanism [28] .
Fourier transform infrared (FTIR) analysis
Infrared spectra of WFS sample before and after sorption of Cd(II) were measured within the range of 400-4000 cm -1 (Figure 4) . The band at 721 cm -1 can be assigned to disordered trydymite and the sand spectrum with a band around 1070 cm -1 which is broadened due to the overlap with the 1031 cm -1 band of the bentonite clays. The O-H stretch band is located at 3632 cm -1 in the spectra of bentonite clays [29] . This is likely due to the fact that the green sands were only prepared with about 7% bentonite clay.
The bands around 3450 cm -1 indicate the presence of water and the Si-O band around 518 cm -1 was presented in all of the Si-containing materials.
The shifts in the infrared frequencies of bonds (O-H band, H-O-H, O-Si-O, and Si-
O band) were responsible for the binding of Cd(II) onto WFS, with the wavenumbers of the functional groups obtained at 3619, 1668, 662, and 522 cm -1 , respectively [30] . From
FTIR wavenumber values, surface silanol groups (O-H band) are weak acids [31] . The change in the hydroxide group due to the formation of cadmium hydroxide and the change in Si-O due to the adsorption of cadmium as following:
The sorption mechanism led to decease final pH when compared with control as shown in Table 6 . Hence, the results of this test are consistent with the assumptions of the developed models described in the earlier section. 2)
The modification of Langmuir model was taken into account the effect of weakly acidic functional groups and the affinity of metal ions regarding the reactive material.
3) FTIR test certified that the acidic functional groups are accountable for the sorption process and the association-dissociation of the functional groups represent the predominant mechanisms, however, this result is consistent with output the present model.
4)
The nature of cadmium sorption onto WFS is exothermic based on the thermodynamic analysis. 
